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Abstract: 
In this investigation, Gd and Mn co–doped Bi0.85Gd0.15Fe1–xMnxO3 (x=0.0–0.15) nanoparticles 
have been prepared to report the influence of co–substitution on their structural, optical, 
magnetic and electrical properties. Due to simultaneous substitution of Gd and Mn in BiFeO3, 
the crystal structure has been modified from rhombohedral (R3c) to orthorhombic (Pn21a) and 
the Fe–O–Fe bond angle and Fe–O bond length have been changed. For Mn doping up to 10% in 
Bi0.85Gd0.15Fe1–xMnxO3 nanoparticles, the saturation magnetization (Ms) has been enhanced 
significantly, however, for a further increase of doping up to 15 %, the Ms has started to reduce 
again. The co–substitution of Gd and Mn in BiFeO3 nanoparticles also demonstrates a strong 
reduction in the optical band gap energy and electrical resistivity compared to that of undoped 
BiFeO3. 
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1. Introduction: 
Multiferroics are categorized as multifunctional materials which possess ferromagnetism/ 
antiferromagnetism and ferroelectricity simultaneously [1]. Multiferroic BiFeO3 (BFO) is one of 
the rare single phase materials which exhibits multiferroicity above room temperature. Owing to 
its high ferroelectric Curie temperature (Tc 1103K) and antiferromagnetic Néel temperature (TN 
 643K), BFO has attracted the attention of numerous researchers for its potential applications in 
spintronics devices [2]. In addition, BFO by virtue of its small band gap energy can utilize a 
wide spectrum of the sunlight in photo–induced applications pertaining to photovoltaic effect [3] 
and photocatalytic activity [4, 5].  
In recent years, attention has been projected towards investigating the effects of simultaneous 
substitution of Bi and Fe in place of BFO to improve its multiferroic properties for 
multifunctional applications. Our previous investigations demonstrated that co–substitution of Bi 
and Fe sites of BFO by ions such as Gd and Ti can significantly improve structural, dielectric 
and magnetic properties of BFO ceramic in both bulk and nano scale [6, 7]. However, although 
the multiferroic properties of 10% Gd and Mn co–doped sub–micron BFO particles are studied a 
further investigation is claimed for different doping concentration in case of its nanostructured 
counterpart [8].  In addition, extensive investigations have also been carried out to tune the 
optical band gap of BFO ceramic by introducing this co–doping approach. Zhou et al. have 
reported that saturation magnetization and optical band gap increases in Sm and Mn co–doped 
BFO [9]. Similar increase in optical band gap is also reported for Y and Co co–doping of BFO 
[10]. Whereas, Kumar et al. have demonstrated that Ca and Ti co–doping reduces optical band 
gap of BFO [11]. Previous experiments have demonstrated that Gd substitution [12] increases 
band gap of BFO ceramic while Mn substitution [13] reduces. However, the effects of their (Gd-
Mn) co-substitution on optical band gap energy of BFO nanoparticles have not been reported yet 
to the best of our knowledge. Therefore, in this investigation, we report the effects of co–
substitution by Gd and Mn on structural, optical, magnetic and electrical properties of 
nanostructured BFO. A polar orthorhombic (Pn21a) modification of Bi0.85Gd0.15Fe1–xMnxO3 
(x=0–0.15) nanoparticles with significantly enhanced magnetization and reduced band gap 
energy is observed. 
2. Experimental: 
We utilized sol–gel technique to synthesize BiFeO3 (BFO), Bi0.85Gd0.15FeO3 (BGFO), 
Bi0.85Gd0.15Fe0.95Mn0.05O3 (BGFMO–5), Bi0.85Gd0.15Fe0.9Mn0.1O3 (BGFMO–10) and 
Bi0.85Gd0.15Fe0.85Mn0.15O3 (BGFMO–15) nanoparticles. Stoichiometric proportion of analytical 
grade pure Bi(NO3)3·5H2O, Fe(NO3)3·9H2O, along with Gd(NO3)3.6H2O and Mn(NO3)2.4H2O 
were dissolved in 400 ml deionized water. Citric acid and ethylene glycol were used as chelating 
and polymerization agents respectively. The detailed synthesis methodology to obtain BFO 
precursor xerogel has been described in our previous investigation [14]. The precursor xerogel 
powder and pelletized samples were annealed at 600°C for further characterization.  
Powder X–ray diffraction (XRD, 3040–X’Pert PRO, Philips) of the synthesized nanoparticles 
was carried out within a 2θ range of 10° to 70° for the crystal structure analysis and phase 
identification. Particle size and morphology was observed adopting field emission scanning 
electron microscope (FESEM, JSM 7600, Jeol). Magnetic hysteresis measurements were carried 
out under applied field in the range of ± 15 kOe utilizing a vibrating sample magnetometer 
(VSM 7407, Lake Shore). The optical band gap energy of the synthesized samples was measured 
from diffused reflectance spectra using a UV–Vis spectrophotometer (UV–2600, Shimadzu). The 
dc resistivity and current density were investigated employing a ferroelectric loop tracer unit in 
conjunction with a 10kV external amplifier (Precision Multiferroic, Radiant Technologies, inc.). 
3. Results and discussion: 
Room temperature XRD pattern of the BFO, BGFO, BGFMO–5, BGFMO–10 and BGFMO–15 
samples (Fig. 1) confirms the formation of crystalline BFO phase with some peaks () associated 
with Bi25FeO40 impurity phase (ICDD 57594–58–8). The presence of small amount of other 
impurity phases cannot be ruled out during synthesis of these nanoparticles. Notably, the 
contribution of Bi25FeO40 impurity phase in magnetic ordering of BFO is negligible due to its 
paramagnetic nature at room temperature [15]. Full width at half maximum intensity (FWHM),  
of the (102) diffraction peak was utilized in Scherrer equation d = k/ cos θ, to calculate the 
average crystallite size, d of BFO, BGFO, BGFMO–5, BGFMO–10 and BGFMO–15 
nanoparticles, where k is the dimensionless constant with a typical value of 0.9,  is the 
wavelength of Cu Kα radiation with the value of 1.5418 Å and θ is the Bragg angle of (102) 
diffraction peak. To investigate the changes in crystal structure and parameters, Rietveld 
refinement of the synthesized samples was carried out using FULLPROF Suite program. The 
refined structural parameters of the synthesized samples are enlisted in Table 1. The XRD 
pattern of BFO sample matches with single phase rhombohedral model (space group R3c). The 
coexistence of 80% rhombohedral (R3c) and 20% orthorhombic polar phase (Pn21a) is obtained 
for BGFO. Similarly, coexistence of 44% R3c and 56% Pn21a in case of BGFMO–5 and 28% 
R3c and 72% Pn21a in case of BGFMO–10 samples have been observed which are closely 
similar to Dy and Mn co–doped Bi1–xDyxFe1–xMnxO3 multiferroics [16]. The R3c to Pn21a phase 
transition is found to increase with increasing Mn doping and single Pn21a phase is obtained for 
BGFMO–15. It is speculated that changes in chemical pressure and difference between ionic 
radii of dopants and substituted ions could play a role to modify the crystal structure of BFO.  
Moreover, it is observed that Fe–O–Fe bond angle and Fe–O bond length for rhombohedral, R3c 
phase (BFO) decreases from 153.904° and 1.8895Å to about 144.754° and 1.3157Å for 
orthorhombic, Pn21a phase (BGFMO–15). This change in structural parameters is expected to 
affect the magnetic and optical properties of BFO. 
 
Fig. 1. The observed (Yobs), calculated (Ycal) XRD profiles and their difference (Yobs–Ycal) 
for (a) BFO, (b) BGFO, (c) BGFMO–5, (d) BGFMO–10 and (e) BGFMO–15 nanoparticles 
annealed at 600°C. The vertical marks below the profile show the Bragg position. 
 Fig. 2. FESEM micrographs of (a) BFO, (b) BGFO, (c) BGFMO–5, (d) BGFMO–10 and (e) 
BGFMO–15 nanoparticles. Inset: respective histograms regarding particle size distribution. 
The FESEM micrographs and histograms regarding particle size distribution of BFO, BGFO, 
BGFMO–5, BGFMO–10 and BGFMO–15 are depicted in Fig.2 which demonstrate the effect of 
Gd and Mn co–doping on microstructure and particle size of BFO nanoparticles. The average 
crystallite sizes calculated from Scherrer formula  are smaller than that of observed particle sizes 
from FESEM micrographs (Table 1) which suggests the presence of particle agglomeration 
effect [17, 18]. In sol-gel synthesis technique the complexing ligands of precursor xerogel cover 
nanocrystals and hinder particle agglomeration [19]. However, during annealing at 600°C the 
citrate complexing agents evaporate at above 300°C [14] and the ultra-fine BFO nanocrystals 
due to high surface energy form neck by solid state diffusion and evaporation-condensation 
process which leads to agglomeration and particle growth [20]. Nevertheless, both the crystallite 
size and particle size of Gd-Mn co-doped BFO nanoparticles decreases with increasing doping 
concentrations demonstrating the grain growth inhibition effect of Gd and Mn substitution. The 
differences in ionic radii between A-site Bi
3+
 (1.03Å) and Gd
3+
 (0.938 Å) ion and B-site Fe
3+
 
(0.645Å) and Mn
2+
 (0.83), Mn
3+
 (0.645 Å), Mn
4+
 (0.53 Å) ions lead to a lattice distortion which 
hinder crystallite nucleation and thereby reduces particle size [21]. 
 
Fig. 3. (a) UV–Vis absorption spectra derived from diffused reflectance spectra of BFO, BGFO, 
BGFMO–5, BGFMO–10 and BGFMO–15. (b) [hνF(R)]2 vs photon energy, hν plots to calculate 
band gap energy of the corresponding samples. 
Fig. 3 (a) shows the absorbance vs. wavelength plot of undoped and doped BFO samples derived 
from diffused reflectance data using Kubelka–Munk [22] function which demonstrates 
chronological red shift by virtue of Gd and Mn doping. The diffused reflectance data was 
converted to Kubelka–Munk function given by F(R)= 
      
  
 (where R is the diffused reflectance 
value) to construct the [F(R)hν]2 vs. hν plots for the synthesized samples (Fig. 3 (b)). Here the 
intersection of the tangent line with [F(R)hν]2=0 represents the optical band gap energy, Eg [23] 
which corresponds to the energy difference between top of the valence band (O 2p) and bottom 
of the conduction band (Fe 3d) of BFO. The Fig. 3 (b) demonstrates that 15% Gd and Mn co–
doping has appreciably reduced the optical band gap of BFO from 2.30 eV to about 1.87 eV. 
Notably, this reduced value is much smaller than the previously reported values for both 
undoped and doped BFO to the best of our knowledge [5, 9-12]. The band gap energies for 
undoped, Gd–doped and Gd–Mn co–doped nanoparticles are inserted in table 1. There may be 
several reasons rending behind this reduced band gap in the doped BFO samples. A first 
principles calculation has shown that due to reduced degree of hybridization associated with a 
stable electronic configuration (half occupation 4f
7
5d
0
6s
0
)  of Gd
3+ 
ion, a unique energy level is 
formed in between Fe 3d and O 2p and therefore reduces effective band gap of Gd doped BFO 
[24]. Moreover, previous investigations have shown that the changes in Fe–O bond length and 
Fe–O–Fe bond angle by cation doping plays a critical role in modifying one–electron bandwidth 
(W) and hence band gap of BFO [25]. The empirical formula relating W with bond length and 
angle is, W  cos  /      
   , where  is  ½ [–(Fe–O–Fe)] and dFe–O is the Fe–O bond length 
[26, 27]. The band gap is related with W as follows: Eg=–W, where  is the charge–transfer 
energy [26]. As the Fe–O bond length of orthorhombic phase is much smaller than rhombohedral 
phase (Table 1) [28], Mn–doping in Bi0.85Gd0.15Fe1–xMnxO3 nanoparticles may appreciably 
increase the value of W and hence decrease effective band gap energy with increasing 
orthorhombic phase. In addition, the 3d conduction band edge of Mn
4+
 (Ecb= –5.83 eV) is lower 
than Fe
3+
 (Ecb= –4.78 eV) state [29] and brings holes in the d band [30] which may reduce the 
effective energy gap between O 2p valence band and Fe 3d conduction band and hence decrease 
optical band gap width of Bi0.85Gd0.15Fe1–xMnxO3 nanoparticles.  
 Fig. 4. Room temperature magnetic hysteresis loops of BFO, BGFO, BGFMO–5, BGFMO–10 
and BGFMO–15 samples with inset showing magnified M–H loop of BGFMO–15. 
Similar to the optical properties the magnetic properties of BFO nanoparticles are found to have 
greatly influenced by the structural transformation as a result of Gd and Mn co-doping. Fig. 4 
depicts the magnetization vs. applied magnetic field (M–H) loops for BFO, BGFO, BGFMO–5, 
BGFMO–10 and BGFMO–15 nanoparticles at room temperature. The nearly linear magnetic 
field induced magnetization in case of BFO indicates its antiferromagnetic nature. For 
rhombohedral R3c perovskite structure of BFO the Goodenough–Kanamori rules predict that the 
superexchange interaction between two Fe
3+
 ions (high spin configuration     
   
 ) is 
antiferromagnetic and originate G–type spiral modulated spin stricture (SMSS) [31]. However, 
an enhancement in magnetization by Gd–doping at Bi–site and Mn–doping at Fe–site is 
evidenced in Fig. 4. The figure shows that 15% Gd–doping (BGFO) in BFO brings saturation 
magnetization (Ms) at 15 kOe to about 0.88 emu/g. Subsequently, 5% (BGFMO–5) and 10% 
(BGFMO–10) Mn–doping in BGFO has increased the Ms to about 1.64 and 2.20 emu/g, 
respectively. The enhanced magnetization could be attributed to the following reasons. (i) The 
changes in bond angle and bond length (Table 1) by Gd and Mn doping in BFO may modify the 
tilting angle of FeO6 octahedron and thereby suppress SMSS and trigger onset of magnetization 
[21, 32]. (ii) In the orthorhombic phases the spin canting originated by Dzyaloshinsky–Moriya 
interaction may introduce magnetization in the co–doped BFO [33, 34]. The growth of 
orthorhombic phase with increasing doping concentration may also contribute to the enhanced 
magnetization. (iii) Moreover, the substitution of non–magnetic Bi3+ ( [Xe] 4f14 5d10 6s2 6p0 ) ion 
by magnetic Gd
3+
 ( [Xe] 4f
7 , theoretical magnetic moment 7 μB) ion may be another reason 
behind this improved magnetization. In addition, Mn generally stay at multivalent (+2, +3 and 
+4) states in BFO [35, 36] and the substitution of Fe
3+
 ([Ar] 3d
5
,
 5 μB) by Mn
2+
 ( [Ar] 3d
5, 5 μB), 
Mn
3+
 ( [Ar] 3d
4, 4 μB) and Mn
4+
 ( [Ar] 3d
3, 3 μB) ion may cause incomplete compensation of 
antiferromagnetic SMSS and onset net magnetization. Furthermore, it is worth mentioning that 
Gd and Mn co–doping in BFO has significantly reduced particle size of the synthesized 
nanoparticles. The suppression of SMSS and contribution of uncompensated spins at the particle 
surface increases sharply with decreasing particle size of BFO nanoparticles [37, 38] and may 
subscribe to the enhanced magnetization with increasing doping concentration. The Ms values 
for undoped and co–doped BFO nanoparticles are enlisted in table 1. 
The Ms is found to increase gradually up to 10% Mn–doping in BGFMO–10, whereas for a 
further increase of doping concentration up to 15% in BGFMO –15 the Ms reduces to about 1.44 
emu/g. The complex interplay between cation exchange interactions would reduce magnetization 
of BGFMO–15. The antiferromagnetic nature of the Fe–O–Mn superexchange and [35] Gd–Mn 
exchange interaction [39] may compete with the ferromagnetic interaction associated with co–
doping and hence reduce magnetization in BGFMO–15 nanoparticles. In addition, the M–H 
hysteresis loop of BGFMO–15 (inset of Fig. 4) demonstrates an asymmetric shift towards the 
field axis which is a signature of exchange bias effect and also indicates the presence of 
competing antiferromagnetic and ferromagnetic interaction [40].  
 Fig. 5. (a) Resistivity, ρ (Ω–cm) vs. Electric Field, E (kV/cm) plots (b) Current density, J 
(A/cm
2
) vs. Electric Field, E (kV/cm) plots and (c) log(J) vs Log(E) plots of BFO, BGFO, 
BGFMO–5, BGFMO–10 and BGFMO–15 ceramics. 
The dc resistivity, ρ vs electric field, E and leakage current density, J vs electric filed, E plots of 
BFO, BGFO, BGFMO–5, BGFMO–10 and BGFMO–15 pelletized sample are shown in Fig 5.(a) 
and (b), respectively. To investigate the conduction mechanism and origin of leakage current of 
the co–doped samples log(J) vs log(E) plots have been constructed and are depicted in Fig. 5(c). 
The linearity of the log(J) vs log(E) plots with slope 1 indicates that ohmic conduction 
mechanism prevails up to 10 kV/cm for the synthesized samples, whereas nonlinear space charge 
limiting conduction mechanism appears at higher applied field  [41, 42]. In the ohmic conduction 
mechanism the leakage current density is associated with the thermally generated free electrons 
and can be expressed as J=eμNeE, where e, μ, Ne, and E are the charge of a electron, carrier 
mobility of free electron, density of the thermally stimulated electrons, and applied electric field, 
respectively [41, 42]. The concentration of free electron–hole pair, Ne increases sharply with 
reducing optical band gap energy and thereby raise leakage current density [43]. Therefore, the 
observed increased conductivity of synthesized samples with increasing Gd and Mn co–doping 
concentration may be attributed to the reduced energy gap between Fermi level and conduction 
band. Hence the reduced effective band gap of the co–doped samples as discussed earlier 
corroborates the observed increased conductivity and reduced resistivity of the Gd-Mn co-doped 
samples as demonstrated in Fig. 5.  Moreover, the electrical conductivity of nanocrystalline 
oxide materials shows strong dependence on particle size and increases with reducing particle 
size. It is supposed that the donor effect of grain boundary and easy path for ionic diffusion 
promote electrical conductivity of nanocrystalline BFO with reducing particle size [38, 44]. The 
decreased particle size by means of Gd-Mn co-doping which is an important factor behind 
enhanced magnetization however, may contribute to the increased electrical conductivity of 
nanocrystalline BFO samples with increasing doping concentration. 
4. Conclusions:  
Structural, optical, magnetic and electrical properties of sol–gel derived Gd and Mn co–doped 
BFO were investigated. Co-substitution with Gd and Mn leads to structural transformation from 
rhombohedral (R3c) to orthorhombic (Pn21a) symmetry which was found to have great effect on 
optical band gap energy, magnetization and electrical conductivity of BFO. The significantly 
enhanced ferromagnetic ordering was achieved in the co–doped samples while antiferromagnetic 
nature is the primary weakness of undoped BFO regarding its potential multifunctional 
applications. The ohmic conduction mechanism was found to control electrical conductivity of 
co-doped BFO samples upto 10kV/cm which implies little contribution from space charge at low 
applied electric filed. The reduced optical band gap and electrical resistivity by virtue of Gd and 
Mn co-doping may find potential applications in the optoelectronic devices. 
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Tables 
Table 1: Refined structural parameters, calculated crystallite sizes (d), calculated average particle 
sizes (D) from FESEM micrographs along with saturation magnetization, Ms at 15 kOe and 
optical band gap energy, Eg values of BFO, BGFO, BGFMO–5, BGFMO–10 and BGFMO–15 
nanoparticles 
 
Sample BFO BGFO BGFMO–5 BGFMO–10 
BGFMO–
15 
d (nm) 86 44 32 27 24 
D (nm) 122 84 52 36 30 
a (Å) 5.5747 5.5542 5.5717 5.5502 5.5975 5.5544 5.5976 5.5872 
b (Å) 5.5747 5.5542 7.9095 5.5502 7.8069 5.5544 7.8038 7.7987 
c (Å) 13.8616 13.7692 5.4412 13.5965 5.4278 13.5055 5.4409 5.4518 
Volume (Å
3
) 373.2020 367.8594 239.7910 362.7169 237.1925 360.8450 238.51 237.5497 
Fe–O–Fe 
bond 
angle(°) 
153.904 149.3108 144.7539 152.825 143.1825 148.0951 143.9682 144.75391 
Fe–O bond 
length (Å) 
1.8895 1.8261 1.4943 1.6825 1.1760 1.8756 1.2639 1.3157 
Bi–O bond 
length (Å) 
2.2120 2.2071 2.1353 2.2417 2.1655 2.2262 2.2284 2.2684 
2 5.67 3.27 3.92 2.98 3.56 
Ms (emu/g) 0.09 0.88 1.64 2.20 1.44 
Eg (eV) 2.30 2.18 2.10 2.03 1.87 
 
